Because of its high pK a , arginine (Arg) is believed to be protonated even in the hydrophobic environment of the protein interior. However, our neutron crystallographic structure of photoactive yellow protein, a light sensor, demonstrated that Arg52 adopts an electrically neutral form. We also showed that the hydrogen bond between the chromophore and Glu46 is a so-called low barrier hydrogen bond (LBHB). Because both the neutral Arg and LBHB are unusual in proteins, these observations remain controversial. To validate our findings, we carried out neutron crystallographic analysis of the E46Q mutant of PYP. The resultant structure revealed that the proportion of the cationic form is higher in E46Q than in WT, although the cationic and neutral forms of Arg52 coexist in E46Q. These observations were confirmed by the occupancy of the deuterium atom bound to the N η1 atom combined with an alternative conformation of the N (η2) D 2 group comprising sp 2 hybridisation. Based on these results, we propose that the formation of the LBHB decreases the proton affinity of Arg52, stabilizing the neutral form in the crystal.
Previously, we carried out neutron crystallographic analysis of PYP at room temperature to investigate the highly polarised hydrogen atoms involved in the hydrogen-bonding network near the chromophore. The results revealed that pCA and Glu46 engage in a special type of hydrogen bond, termed a low-barrier hydrogen bond (LBHB), in which the observed hydrogen atom is located near the centre position between pCA and Glu46 3, 13, 14 . Furthermore, the Arg52 is deprotonated to the electrically neutral form, and thus cannot play a role as a counterion in the crystal state. In this system, the negative charge would be delocalized along both pCA and Glu46, conjugated by the LBHB, allowing the negative charge to exist even in the protein interior. These findings inspired several researchers to attempt to reproduce these unusual phenomena in theoretical studies. Saito and Ishikita performed QM/MM calculations, but could not reproduce the LBHB in PYP 15 . It should be noted that in contrast to the reported crystal structures, their calculation assumed an energy-optimized structure as the supposed solution structure. Furthermore, Arg52 was assumed to be in the cationic form, as usual. Hirano and Sato also investigated the migration potential of the proton between pCA and Glu46 using the ONIOM method 16 . In their calculation, the geometry of the protein moiety was fixed to that of the crystal structure; in addition, they assumed that Arg52 was in the electrically neutral form, as reported in the neutron crystallographic analysis. The resultant migration potential was still asymmetric, but the energy gap between the two minima was smaller than that calculated by Saito and Ishikita, such that barrier between the two minima is suitable for realizing the LBHB. These results, along with those of other theoretical studies [17] [18] [19] [20] [21] [22] , implied that the hydrogen bond between pCA and Glu46 depends on the structure used for calculation, and might be influenced by the charge state of the surrounding residues. Nadal-Ferret et al. examined the relationship using the QM/MM method based on two distinct structures of PYP: one is the crystal structure and the other is a presumed solution structure obtained from energy minimization using molecular dynamics simulation 23 . They postulated that the crystal structure retains the neutral Arg, whereas the Arg in the solution structure should adopt a cationic form due to exposure of the Arg by fluctuation of the structure. They concluded that LBHB can exist in the crystal structure, whereas in solution the proton prefers to localize near Glu46, resulting in an ionic hydrogen bond.
In this study, we sought to investigate the proton affinity of Arg52, perturbed by the hydrogen bond between pCA and Glu46, in the crystal state. To this end, we performed X-ray and neutron joint crystallographic analysis on the E46Q mutant, and compared the structure of Arg52 with previous results obtained using the wild-type protein (WT). Replacement of Glu46 with Gln resulted in conversion of the LBHB in WT into an ordinary hydrogen bond. Although we observed no obvious nuclear density of one of the two positions on N η1 of Arg52 in WT, the nuclear density map of E46Q showed nuclear density of the two deuterium atoms on N η1 even at the same contour level as in WT, indicating that Arg52 is more highly protonated in E46Q than in WT. In fact, the occupancies of the deuterium atom bound to the N η1 atom combined with an alternative conformation of the N (η2) D 2 group comprising sp 2 hybridisation are estimated to be 24% for WT and 67% for E46Q. Based on these observations, we conclude that the hydrogen bond near the chromophore influences the pK a of Arg52 in the crystal state of PYP.
Results
Hydrogen bonds near the chromophore in WT and E46Q. To investigate the effect of the hydrogen bond between pCA and Glu46 on the protonation state of Arg52, we carried out neutron and X-ray diffraction experiments on E46Q at room temperature. Neutron beams can be strongly diffracted, even by small atoms such as hydrogen/deuterium atoms, at the same level as the heavy atoms that comprise proteins. Consequently, a neutron structure contains twice as many atoms as a comparable X-ray structure. This situation can sometimes be problematic, as the data-to-parameter ratio is low. In order to overcome this challenge, in our previous neutron crystallographic analysis of WT, we also collected both neutron and X-ray diffraction images using the same crystal, and then separately determined the positions of the heavy atoms and hydrogen/deuterium atoms from the X-ray and neutron data, respectively 3 . New structural refinement programs have recently been developed that enable us to refine structure models using neutron and X-ray data simultaneously, yielding a substantial improvement in the accuracy of structure determination 12, [24] [25] [26] . Therefore, we carried out the X-ray and neutron joint analysis of E46Q, as well as WT, using this modern form of joint analysis. The backbone structure of E46Q superposes well on that of the WT (r.m.s.d of the all C α atoms < 0.08 Å), consistent with the previous analysis 27, 28 . Although the backbone structure of E46Q, except for the protein moiety neighbouring pCA, is almost identical to that of WT, the hydrogen bond pCA-Gln46 was perturbed upon replacement of Glu46 with Gln. Figure 1 shows the nuclear and electron density maps of WT and E46Q superposed on the structural models near pCA; the Fo-Fc nuclear density maps (omitting deuterium and hydrogen atoms) are represented in blue and red for WT and E46Q, respectively, and the 2Fo-Fc electron density maps are coloured in grey. Representative interatomic distances are shown in the figure and also summarised in the Table S1 . The joint analysis upon WT improved the R-factor (R free ) from 19.2 (21.9) to 16.2 (20.8) in comparison with the previous analysis 3 (Table S3 ). The previous and current structures of WT are almost identical within r.m.s.d. of 0.05 Å. The nuclear density maps of E46Q show that the ND 2 group of Gln46 is oriented toward the phenolic oxygen of pCA to form the hydrogen bond, as predicted previously 27, 28 . In E46Q, the hydrogen bond length between Gln46 and pCA increases to 2.85 ± 0.04 Å (from 2.55 ± 0.03 Å in the WT). Although the deuterium atom is located near the centre position between Glu46 and pCA in WT, the deuterium atom in E46Q is covalently bound to Gln46, with a bond length of 1.02 Å. The hydrogen bond between pCA and Tyr42 was also slightly influenced by the mutation: the hydrogen bond length in E46Q was decreased by 0.07 Å (from 2.53 ± 0.03 Å in WT to 2.46 ± 0.04 Å in E46Q). These results confirm that the LBHB in WT is converted into an ordinary hydrogen bond by the E46Q mutation.
Nuclear density maps of Arg52 in WT and E46Q. In a previous study, we reported that the nuclear density of one of the deuterium atoms on N η1 of Arg52 in WT was not observed at contour level of the half-maximum peak height of the other deuterium atom 3 . This implies that Arg52 in WT adopts an electrically neutral form.
Although the cationic and neutral forms should exhibit different hybridisations, sp 2 and sp 3 , in the NH 2 group in the guanidino group, the detailed structure of the NH 2 group has not been revealed. Figure 2 (a) shows the Fo-Fc nuclear density map omitting the deuterium atoms in WT (blue mesh), which was calculated from the re-refined WT structure by the joint analysis. The major characteristics of the Fo-Fc map reported in the previous paper are maintained in the current analysis Hydrogen bonds near the chromophore, including hydrogen and deuterium atoms. Nuclear and electron density maps superposed on the structural models of WT (a) and E46Q (b). Blue meshes represent positive nuclear density of the Fo-Fc maps omitting each deuterium atom involved in the two hydrogen bonds, contoured at 5.0σ. Red mesh represents the Fo-Fc nuclear density maps, contoured at −5.0σ, omitting the hydrogen atoms. 2Fo-Fc electron density maps of heavy atoms contoured at 3.5σ (a) and 3.0σ (b) are also shown. map in Fig. 2 . The deuterium atoms in the structure of sp 3 can superpose onto the nuclear density, indicating that the major species of the N (η2) D 2 group adopts the sp 3 structure, which should be observed only in the electrically neutral form.
Nuclear density maps of Arg52 in E46Q are shown in Fig. 3 . In E46Q, obvious nuclear density appears at the position of the D 12 atom at the 45% of the maximum contour level of D 11 [ Fig. 3(a) ], indicating that it contains a larger proportion of the cationic form than WT. Comparison of the nuclear density of the N (η2) D 2 group between E46Q [ Fig. 3(c) ] and WT [ Fig. 2(c) ] revealed that the nuclear density distribution of E46Q is shifted toward the guanidino plane in comparison with WT. Considering that a larger proportion of the cationic form of Arg is accumulated in E46Q than in WT, as shown in Fig. 3(a) , the sp 2 structure of the cationic form of Arg can be included as a major species in the Fo-Fc maps [ Fig. 3 (c) ]. It should be noted that the nuclear density of the D 12 atom is still smaller than that of D 11 , suggesting that Arg52 in E46Q also contains a smaller proportion of the neutral form, which is the major form in WT. In fact, the nuclear density maps of the N (η2) D 2 group in E46Q are distinguishable from those of the N (η1) D 2 group. Although the nuclear densities of the two deuterium atoms on the N η1 atom are well resolved in E46Q, those on the N η2 atom overlap in E46Q, suggesting the existence of sp 3 hybridisation. Figure S1 ) were close to 1. The contour levels are set to be 30, 40, and 50% of the peak height of D 11 in Figure S1 . As shown in Figs 2 and 3, the nuclear density of the D 12 atom in E46Q can be observed at a contour level of 50%, but not in WT. However, when the contour level is decreased to 30%, close to the noise level, nuclear density appears even in WT, suggesting that a small subpopulation of Arg52 in WT adopts the cationic form [ Figure S1 (c)].
Reflecting the difference in the major species between WT and E46Q, the shapes of the nuclear density of the N (η2) D 2 group are distinguishable. Assuming the coexistence of the cationic and neutral forms, the molar fraction (Fig. 4) . In the case of WT, the sp 3 hybridisation in the N (η2) D 2 group adopts two orientations (upward and downward) relative to the guanidino plane [ Fig. 4(b) ]. After several cycles of occupancy refinement of the alternative structures, and B-factor and position refinement of individual deuterium atoms, we obtained structure models of sp 2 Table S2 . The occupancies of the cationic form containing D 12 and the two deuterium atoms of the sp 2 hybridisation in the N (η2) D 2 group in WT and E46Q are 24% and 67%, respectively (Table S2 ). In addition, the Fo-Fc maps omitting the structural model for either sp 2 Figure 4(b) shows the Fo-Fc maps omitting both of the two alternative sp 3 models. The upward sp 3 model with the higher occupancy (40%) was especially well superposed on the nuclear density [ Fig. 4(b) ]. The nuclear density of the Fo-Fc map omitting the sp 2 model in Fig. 4(a) was less prominent, partly due to the smaller fraction (24%) in comparison with the sp 3 hybridisation, but it nonetheless aligned with the model of sp 2 . On the other hand, clear nuclear density maps of both sp 2 and sp 3 species could be observed in E46Q. By omitting the structure of sp 2 [ Fig. 4(c) ], the sp 2 model can be superposed on the nuclear density of the deuterium atoms. The nuclear density is well aligned on the guanidino plane, which is characteristic of sp 2 hybridisation. Furthermore, even the sp 3 model of the minor species (33%) in E46Q, in which the nuclear density map are distributed above the guanidino plane, was resolved. Based on these results, we conclude that the guanidino groups in WT and E46Q contain both the cationic and neutral forms, and that the proportion of the cationic form is increased by replacement of Glu46 with Gln.
Discussion
We previously reported that Arg52 of PYP WT in the crystal state can adopt a neutral form. Considering the high pK a of Arg, the idea that Arg52 is electrically neutral is difficult to accept, and the issue remains a matter for debate [15] [16] [17] [18] [19] [20] [21] [22] [23] . In this study, we performed X-ray and neutron joint crystallographic analysis on E46Q to reveal the protonation state of Arg52. The results revealed that Arg52 can also adopt the neutral form in E46Q. This observation strongly confirms the existence of the neutral form of Arg in the crystal state of PYP. Furthermore, through detailed structural analysis, we revealed that Arg52 in both WT and E46Q is in equilibrium between the cationic and neutral forms. It should be emphasised that this equilibrium is shifted toward the cationic form by the mutation, which causes the molar fraction of the cationic form to increase from 24% to 67%. The crystal structures of WT and E46Q do not substantially differ except at the hydrogen bond between pCA and Glu46. The mutation increases the length of this hydrogen bond from 2.55 ± 0.03 to 2.85 ± 0.04 Å, resulting in disruption of the LBHB. Based on these results, we propose that the hydrogen bond mediates the proton affinity of Arg52. Recent theoretical studies suggested that the hydrogen bond between pCA and Glu46 is highly influenced by the protonation state of Arg52 16, [20] [21] [22] [23] , i.e., that the charge on Arg52 electrostatically perturbs the molecular orbital of pCA from a distance of 6.34 Å. Based on our previous neutron crystallographic analysis of WT, we proposed that LBHB between pCA and Glu46 combines the two π-conjugated systems of pCA and the carboxyl group on Glu46, resulting in charge delocalization along the extended π-conjugated system 3 . The conversion of the LBHB into an ordinary hydrogen bond upon mutation would disrupt the extended π-conjugated systems, resulting in localization of the charge on pCA. Therefore, we propose that the increase in the proton affinity of Arg52 in E46Q arises from the increase in the charge density on pCA resulting from the disruption of the LBHB. The interdependency between the hydrogen bond between pCA and Glu46 and the proton affinity of Arg52 is expected to play a role in the photoreaction of PYP. A recent time-resolved X-ray crystallographic analysis revealed that the disruption of the LBHB is the first molecular event to occur after light absorption by the chromophore during the photoreaction of PYP 29 . The hydrogen bond length increases from 2.56 Å to 2.61 Å during the formation of the I 1 intermediate. Arg52 slightly moves away from pCA at the I 1 intermediate, and ultimately undergoes large structural change in the I 2 intermediate, in which Arg52 is exposed to solvent 29, 30 . The alteration of the protonation state of Arg52 during the photoreaction should be examined in future studies, as the structural change observed at I 1 and I 2 might be closely related to the coupling of the disruption of the LBHB, which modulates the proton affinity of Arg52.
Methods
Preparation and crystallization of PYP for crystallographic analysis. The E46Q mutant of PYP were expressed and purified by using previous methods 3, 31 . PYP was expressed using the pET system in Escherichia coli BL21(DE3) and reconstituted with pCA anhydride in 4 M urea buffer 32 . Urea and other additive salts were removed by dialysis, and then PYP was purified by DEAE-Sepharose column chromatography and size-exclusion chromatography. Purification was repeated several times until the optical purity index (Abs 280 / Abs λ460 ) was less than 0.38. Large crystals of E46Q were obtained using the method reported by Yamaguchi et al. 31 . The initial protein solution was prepared at 24 mg/ml PYP in 20 mM sodium phosphate buffer containing 2.2 M ammonium sulfate and 1 M sodium chloride, and then equilibrated against reservoir solution containing 2.5 M ammonium sulfate and 1.1-1.2 M sodium chloride at 295 K. The hydrogen atoms of crystals of E46Q in this paper were exchanged with deuterium atoms. H/D exchange was performed by ultrafiltration several times.
Data collection, processing, and refinement of X-ray and neutron crystallographic analysis.
Both of X-ray and neutron diffraction experiments were performed at room temperature. A crystal (5.1 × 1.2 × 0.7 mm 3 ) was trapped in a quartz capillary. The capillary contained reservoir solution at the bottom to prevent the crystal from drying. Neutron diffraction experiments up to 1.50 Å were also carried out using a neutron single-crystal diffractometer (BIX-4) at the JRR-3 reactor, Ibaraki, Japan 33 . The wavelength was set to 2.6 Å. The camera distance was 200 mm. Data were collected using step scans (0.3°/step), and 211 frames were recorded with an exposure time of 4 hours for each frame. Datasets were processed using DENZO and SCALEPACK 34 . X-ray diffraction data of E46Q were collected using the same crystal used in the neutron diffraction experiment at BL-6A of the Photon Factory, Ibaraki, Japan. Diffraction data up to 1.30 Å resolution were recorded using a Quantum 4 R detector over a rotation of 180° with an oscillation step of 1.0°. The wavelength was set at 0.98 Å. Camera distance and exposure time were 84.4 mm and 1 sec, respectively. Because the whole crystal was exposed to the neutron beam, we collected diffraction data at five different points along the longer axis of the crystal and averaged them, as appropriate for joint analysis of neutron and X-ray data. The collected X-ray data were integrated and merged with DENZO and SCALEPACK 34 . Although the neutron structure of WT was reported previously, in that study the X-ray and neutron data were used separately to refine the heavy atoms and hydrogen/deuterium atoms, respectively 3 . Here, we refined the structure of WT as well as E46Q using a newly developed program (Phenix) that allows simultaneous refinement of X-ray and neutron structures 25 . Initial phases were determined by molecular replacement using previously reported structures (PDB; 1OTA for E46Q and PDB; 2ZOH for WT) 3, 27 . Model building was carried out with Coot and XtalView 35, 36 . Subsequent structure refinements were performed with Phenix 25, 26 . The X-ray structures containing only heavy atoms were first refined using the only X-ray data. After adding hydrogen/deuterium atoms to the obtained X-ray structure, the positions and the B-factors of the hydrogen/deuterium atoms were refined using the neutron data. The resultant structures of WT and E46Q were subject to the neutron and X-ray joint analysis using Phenix. We carried out several series of refinements of the B-factor and the positions of the heavy atoms and the hydrogen/deuterium atoms, continuing until those values were well converged. After fixing the positions of the heavy atoms, we refined the B-factor and the positions of the hydrogen/deuterium atoms using only the neutron data, again, in which the B-factors of the heavy atoms were also refined. Finally, we determined the fractions of exchangeable hydrogen/deuterium atoms. The peak heights in the Fo-Fc map of the deuterium atoms on the guanidino group, except for D 12 , we focus on in this paper, ranged from 6 σ to 11 σ. We searched for nuclear density peaks in the Fo-Fc map comparable to those on the guanidino group, and found four peaks in WT ( Figure S2 ) and 11 in E46Q ( Figure S3 ) above +6 σ or below −6 σ. Some of the peaks disappeared upon addition of alternative structures, whereas others could not be improved (see Figures S2 and S3) . The origin of the rest artificial peaks remains unclear, but because these regions are distant from Arg52, they are not serious issues in the current analysis.
Subsequently, we performed further structural refinement of Arg52 to evaluate the molar ratio of the cationic and neutral forms of Arg52 and decompose the sp 2 and sp 3 structures of the N (η2) D 2 group of WT and E46Q. If the neutral and cationic forms of Arg52 coexist, the molar ratio of the sp 2 structure in the N (η2) D 2 group is identical to the occupancy of the D 12 atom. To decompose the nuclear density map responsible for sp 2 or sp 3 , we assumed alternative groups consisting of D 12 on N η1 and the two deuterium atoms of the sp 2 hybridisation in the N (η2) D 2 group, and the two deuterium atoms of the sp 3 hybridisation in the N (η2) D 2 group, in which the deuterium atoms in each group have an occupancy reflecting the molar ratio of the sp 2 and sp 3 structures. Through this refinement, we found that the sp 3 hybridisation in the N (η2) D 2 group in WT exhibits two distinct orientations in which the deuterium atoms are distributed above or below the guanidino plane. The three alternative structures for WT and the two alternative structures for E46Q are shown in Fig. 4 . The occupancies of these groups were refined simultaneously. Although the parameter files for the cationic form of Arg are available in Phenix, those of the neutral form are not. We built the neutral form of Arg by replacing the sp 2 structure of the N (η2) D 2 group, derived from the cationic form, with the sp 3 structure. The parameters defining the sp 3 form were obtained from SwissParam: 37 the bond length of D-N η2 was 1.0 Å, and the angles of D 21 -N η2 -D 22 and C ζ -N η2 -D were 109.2° and 108.8°, respectively. The structural restriction for the dihedral and improper angle was weakened to enable the N (η2) D 2 group of sp 3 to rotate freely around the C ζ -N η2 bond. In the initial model of sp 3 applied to the refinement, two deuterium atoms (D 21 and D 22 ) were parallel to the guanidino plane. The alternative groups of the sp 2 and sp 3 forms were refined by an energy-minimisation procedure, and then the B-factors of the individual deuterium atoms were also alternately refined by B-individual in Phenix. Refinements were performed until convergence. The statistics of data collection of WT and E46Q are provided in Table S3 . The resultant structural models of sp 2 and sp 3 are superposed in Fig. 4 . All structural models were drawn using PyMOL 38 . Concerning the validity of the hydrogen bond lengths shown in Table S1 , we calculated the estimated standard deviation (e.s.d) values of the distances by using ShelxL2013 39, 40 . In general, to obtain the e.s.d values, sub-atomic resolution data should be required. Applying the geometry constraints (AFIX) to the hydrogen/deuterium atoms involved in the refined structure, the current X-ray data at the resolution of 1.3 Å allowed us to calculate the e.s.d values of the hydrogen bond lengths between pCA and Glx46, and pCA and Tyr42 (Table S1) 40 .
Data deposition. Model coordinates and structural factors have been deposited in the Protein Data Bank as entries 5GX9 (Neutron structure of E46Q).
